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HIGHLIGHTS 


•  Iron  fluoride  with  hollow  prismatic/cylindric  structure  has  been  firstly  obtained. 

•  The  formation  mechanism  of  prismatic/cylindric  structure  has  been  proposed. 

•  FeF3  0.33H2O/C  nanocomposites  show  an  excellent  performance. 
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Hollow  prismatic/cylindric  iron  fluoride  with  a  wall  thickness  of  0.1— 0.5  pm  and  a  length  of  1—3  pm 
has  been  synthesized  by  a  simple  and  mild  solvothermal  method.  This  compound  with  a  mixed  crystal 
structure  of  FeF3-3H20  and  FeF3  0.33H2O,  has  an  initial  discharge  capacities  of  106.7  mAh  g-1 
and  a  capacity  retention  of  60%  after  100  cycles  at  the  rate  of  0.5C  (1  C  is  237  mA  g-1)  in  the  voltage  of  2.0 
-4.5  V.  To  overcome  the  poor  electronic  conductivity  of  fluorides,  the  as-prepared  iron  fluoride  has  been 
ball-milled  with  15  wt.%  acetylene  black  (AB)  and  heat-treated  to  obtain  FeF3  0.33H2O/C  nano¬ 
composites.  The  nanocomposites  deliver  discharge  capacity  of  160.2  mAh  g-1  at  the  rate  of  0.5C.  Even  at 
the  high  rate  of  5  C,  the  initial  discharge  capacity  is  still  as  high  as  137.5  mAh  g_1.  The  capacity  retentions 
reach  up  to  85.0%  and  75.7%  after  100  cycles  at  0.5  C  and  5  C,  respectively. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  arrival  of  Li  ion  battery  technology  brings  an  innovation  for 
portable  electronic  products.  Vast  researches  have  focused  on  the 
discovery  and  development  of  electrodes  materials  to  meet  the 
growing  demand  of  high  power  devices  such  as  electric  vehicles 
(EVs)  and  hybrid  electric  vehicles  (HEVs).  Metal  fluorides,  owing  to 
their  ionic  character,  high  operating  voltages,  high  energy  density 
and  power,  are  developing  as  a  promising  alternative  cathode 
materials  for  lithium  ion  batteries  (LIBs)  [1,2].  Among  these,  iron 
fluoride  is  of  the  great  interest  on  account  of  low  cost,  high  theo¬ 
retical  specific  capacity  (237  mAh  g-1  for  le“  transfer),  high 
discharge  voltage,  and  environmental  friendliness.  In  spite  of  these 
advantages,  wide  band  gap  of  Fe-F  bonds  is  a  fatal  shortcoming  for 
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iron  fluoride  that  leads  a  poor  electronic  conductivity  of  materials, 
making  the  actual  specific  capacity  far  below  the  theoretical  value 
and  hindering  its  practical  application  [3].  Arial  et  al.  [4]  were  the 
first  to  report  FeF3  as  the  cathode  materials  for  LIBs,  as  would  be 
expected,  a  limited  reversible  capacity  of  only  80  mAh  g_1  was 
achieved  in  a  discharge  voltage  region  from  2.0  to  4.5  V. 

Decreasing  the  size  of  grain  and  adding  conductive  materials  are 
two  kinds  of  effective  methods  to  improve  electrochemical  perfor¬ 
mance  of  cathode  materials.  The  fabrication  of  micro/nano- 
structured  materials  has  attracted  considerable  attention  for  they 
can  enlarge  the  contact  area  with  the  electrolyte,  increase  the  sur¬ 
face  reactivity  and  shorten  both  electronic  and  ionic  pathways 
within  particle  [5,6].  There  are  a  mass  of  reports  on  oxide  systems  as 
anode/cathode  materials  [7,8],  most  of  them  exhibit  superior  rate 
capability  and  cycling  stability  as  anodes/cathode  materials  for  LIBs 
owing  to  their  prominent  structure  features.  Li  et  al.  [9]  synthesized 
nanostructured  FeF3 -0.33^0  in  the  BmimBF4  liquid  medium,  a 
significantly  ameliorative  capacity  of  126  mAh  g_1can  be  achieved  at 
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a  current  density  of  71  mA  g_1,  but  only  30  cycles  were  lasted.  Chu 
et  al.  [10]  prepared  porous  FeF3  nanospheres  via  introducing  FeF3 
aqueous  solution  into  ethanol.  The  porous  nanospheres  show  good 
cycling  performance  and  rate  capability.  A  reversible  discharge  ca¬ 
pacity  of  144  mAh  g-1  can  be  retained  after  50  cycles  at  the  current 
density  of  50  mA  g-1.  However,  it  did  not  say  more  about  the  per¬ 
formance  after  50  cycles.  So  it  is  not  very  encouraging  just  via 
reducing  the  grains  size  to  solve  the  poor  conductivity  of  fluorides. 
To  overcome  this  issue,  several  approaches  have  been  reported  such 
as  metal  doping  [11],  activated  carbon  coating  [12],  in  situ  signal- 
wall  carbon  nanotubes  or  graphene  introduction  [13-16].  Zhang 
et  al.  [17]  synthesized  three-dimensionally  ordered  macroporous 
(3DOM)  FeF3/poly(3, 4-ethylenedioxythiophene)  (PEDOT)  compos¬ 
ite  using  polystyrene  (PS)  colloidal  crystals  as  hard  template  through 
in  situ  polymerization  method.  The  hybrid  nanostructures  with  a 
high  reversible  discharge  capacity  reach  up  to  210  mAh  g  1  at  a 
current  density  of  20  mA  g-1  and  a  good  rate  capability  of 
120  mAh  g  1  at  a  high  current  density  of  1  A  g_1  with  the  scope  of 
2.0— 4.5  V  at  room  temperature.  Li  et  al.  prepared  [13]  signal-wall 
carbon  nanotubes  (SWNTs)/FeF3  0.33H20  in  the  BmimBF4  me¬ 
dium  via  liquid-phase  method,  this  composite  materials  exhibit  a 
remarkable  capacity  performance,  and  deliver  discharge  capacity  of 
220  mAh  g  1  at  0.1  C.  Namely,  the  introduction  of  conductive  poly¬ 
mer  or  carbon  can  greatly  improve  the  electrochemical  performance 
of  iron  fluoride.  However,  it  is  not  worthwhile  from  the  aspect  of 
cost.  BmimBF4  ionic  liquid  and  SWNTs  are  very  expensive,  and  it  is 
hard  to  form  well  disentangled  and  dispersed  SWNTs.  Additional, 
when  relating  to  polymer,  it  is  inevitable  that  harmful  organic  sol¬ 
vents  usage,  cumbersome  synthesis  process  and  post-processing. 
Therefore,  these  methods  are  not  suitable  for  industrial  production. 

Adding  conductive  carbon  (such  as  AB)  to  fluoride  materials  by 
ball-milling  is  a  simple  and  effective  method.  Active  materials  and 
AB  can  mix  together  heterogeneously  and  a  conductive  network 
can  be  formed  between  them  after  ball-milling,  then  an  increase  of 
the  electronic  conductivity  can  be  obtained.  Amatucci  and  his  co¬ 
worker  [18]  prepared  carbon  metal  fluoride  nanocomposites 
(CMFNCs)  by  ball-milling  FeF3  with  conductive  carbon.  The  syn¬ 
thetic  CMFNCs  showed  an  initial  discharge  capacity  of  about 
170  mAh  g-1  at  a  current  density  of  7.58  mAg-1  in  the  range  of  2.0- 
4.5  V.  In  our  previous  studies  [11,19],  either  Co-doping  or  the 
comparison  among  FeF3-3H20,  FeF3  0.33H20  and  FeF3,  the  elec¬ 
trochemical  properties  of  iron  fluorides  can  be  further  improved 
through  ball-milling  with  AB.  The  ball-milled  materials  showed  a 
prominent  discharge  capacity  and  cycle  stability  even  at  the  high 
rates  on  account  of  nanosized  crystals  formed  through  ball-milling 
have  a  high  total  material  volume  on  the  surface  in  which  contains 
a  number  of  defects  which  can  contribute  substantially  to  enhance 
electronic  and  ionic  activity  18],  the  conductive  network  formed 
between  fluorides  and  AB  also  can  increase  the  electronic  con¬ 
ductivity  of  materials.  Therefore,  ball-milling  metal  fluoride  with 
conductive  materials  is  an  effective  way  to  improve  electrochemical 
properties. 

Besides,  it  is  ideal  to  synthesize  iron  fluorides  that  possess 
optimal  morphology  by  using  appropriate  chemical  method.  Sol¬ 
vothermal  method  is  widely  applied  in  preparing  nano-materials, 
porous  materials,  and  hollow  materials  in  recent  years  [20,21].  It 
has  a  lot  of  advantages  such  as  fast  reaction  kinetics,  short  pro¬ 
cessing  times,  high  crystallinity  and  yield,  homogeneous  and  nar¬ 
row  particle-size  distributions.  Most  importance,  it  is  cost  effective, 
environmentally  benign,  and  easily  scale-able  [22].  The  materials 
obtained  from  this  method  usually  show  great  developments  in 
discharge/charge,  cyclability,  rate  capability,  and  cheap  synthesis  in 
comparison  with  conventional  methods. 

In  this  work,  hollow  prismatic/cylindric  iron  fluorides  com¬ 
pounds  with  a  mixed  crystal  structure  consisting  of  FeF3  -3H20  and 


FeF3  0.33H20  have  been  synthesized  by  a  time-dependent  sol¬ 
vothermal  method  and  their  formation  mechanism  also  have  been 
researched.  After  ball-milling  with  AB  and  heating,  FeF3  •  0.33H20/C 
nanocomposites  with  even  particle  sizes  can  be  obtained,  which  are 
found  to  exhibit  superior  cycling  stability  as  cathode  materials  for 
LIBs. 

2.  Experiments  section 

2.1.  Synthesis  of  materials 

Firstly,  8.08  g  Fe(N03)3-9H20  was  dissolved  in  50  mL  ethanol. 
Then,  Fe(N03)3  - ethanol  was  added  to  the  mixed  solution  which 
consists  of  20  mL  HF  aqueous  solution  (40  wt.%)  and  0.05  g  CTAB. 
When  Fe(N03)3-  ethanol  was  added  into  CTAB/HF  aqueous  solution 
which  had  been  ultrasonic-treated  in  the  teflon  wares,  it  will  react 
immediately  to  form  colorless  FeF6-  due  to  its  high  stability 
(/<f  =  101504).  In  aqueous-based  solution,  FeFg-  readily  converted  to 
FeF3  -3H20  [19].  Next,  the  sealed  Teflon  ware  was  put  into  a  stain¬ 
less  steel  autoclave,  which  was  hold  at  80  °C  for  1  h,  2  h  and  4  h, 
respectively,  followed  by  cooling  at  the  room  temperature  to  obtain 
pink  precipitates.  The  precipitates  were  washed  by  ethanol  and 
stirred  at  80  °C  to  remove  the  un-reacted  HF  and  water  in  the  oil 
bath  and  the  residue  was  dried  at  180  °C  for  12  h  at  oven  and  cooled 
down  naturally.  To  distinguish  the  products  preferably,  three  kinds 
of  compounds  have  been  named  as  FI,  F2,  and  F4  which  correspond 
to  reaction  for  1  h,  2  h,  and  4  h,  respectively.  Then  F2  was  ball- 
milled  with  AB  at  320  rpm  for  3  h  (the  weight  ratio  of  iron  fluo¬ 
ride:  AB  is  85:15)  and  dried  at  180  °C  for  6  h  to  form  iron  fluoride/C 
nanocomposites,  which  were  named  as  F2/C. 

2.2.  Characterizations  and  measurements 

The  structures  of  samples  were  characterized  by  X-ray  diffrac¬ 
tion  on  a  Rigaku  D/MAX-2500  powder  diffractometer  at  40  kV  and 
100  mA  using  a  graphite  monochromatic  and  Cu-Ka  radiation 
(/<  =  0.15418  nm)  operated  with  a  scan  rate  of  4°  min-1  in  the  26 
range  of  10°-80°. 

The  morphologies  were  investigated  by  using  a  JEOLJSM-6610LV 
scanning  electron  microscope  (SEM).  High-resolution  transmission 
electron  microscopy  (HRTEM)  and  selected-area  electron  diffrac¬ 
tion  (SAED)  measurements  were  carried  out  using  a  JEOL  JEM- 
2100F  transmission  electron  microscope  (TEM)  at  an  acceleration 
voltage  of  200  kV. 

The  cathodes  for  testing  cells  were  fabricated  by  mixing  the 
cathode  materials,  carbon  black,  and  polyvinylidene  fluoride  (PVDF) 
binder  with  a  weight  ratio  of  80:10:10  in  N-methyl  pyrrolidinone, 
which  were  then  pasted  on  aluminum  foil  followed  by  drying  under 
vacuum  at  110  °C  for  24  h.  The  testing  cells  were  assembled  with  the 
cathodes  thus  fabricated,  metallic  lithium  anode,  Celgard  2300  film 
separator,  and  1  M  LiPF6  in  1:1  ethylene  carbonate  (EC)/dimethyl 
carbonate  (DMC)  electrolyte.  The  assembly  of  the  cells  was  carried 
out  in  an  argon-filled  glove  box,  where  water  and  oxygen  concen¬ 
tration  were  kept  less  than  5  ppm.  All  the  cells  were  allowed  to  age 
for  12  h  before  testing.  Charge-discharge  measurements  were 
performed  at  room  temperature  under  different  rates  in  a  voltage 
range  of  2.0-4.5  V  on  the  Neware  battery  test  system. 

Cyclic  voltammetry  (CV)  tests  and  electrochemical  impedance 
spectroscopy  (EIS)  were  performed  on  a  Zahner  Zennium  electro¬ 
chemical  workstation.  CV  tests  were  carried  out  at  a  constant 
scanning  rate  of  1  mV  s-1  on  the  potential  interval  2. 0-4.5  V  (vs. 
Li+/Li).  The  ac  perturbation  signal  was  ±5  mV  and  the  frequency 
range  was  from  100  mHz  to  100  KHz. 

The  galvanostatic  intermittent  titration  technique  (GITT)  was 
performed  at  room  temperature  under  a  small  current  flux  of  0.1  C 
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(1  C  is  237  mA  g  ^  and  a  long  time  interval  of  60  min  in  a  voltage 
range  of  2.0-4.5  V  on  the  Neware  battery  test  system. 

3.  Results  and  discussion 

The  XRD  patterns  of  samples  are  shown  in  Fig.  la.  It  can  see 
clearly  from  the  patterns  of  Fig.  la  that  the  diffraction  peaks  of  FI, 
F2  and  F4  match  up  with  the  tetragonal  FeF3-3Fl20  (JCPD  card  no. 
32-0464,  space  group  P4/n)  and  orthorhombic  FeF3  0.33Fl2O  (JCPD 
card  no.  76-1262,  space  group  Cmcm).  FI  and  F2  show  relatively 
intense  peaks  at  26  =  13.8°,  23.6°  and  27.8°  corresponding  to  (110), 
(002),  and  (220)  diffraction  peaks  of  FeF3  0.33Fl2O.  F4,  however, 
appears  relatively  intense  peaks  at  16.0°,  25.6°  and  36.3°  in  the  XRD 
patterns  corresponding  to  (110),  (101)  and  (310)  of  tetragonal 
FeF3  •  3H20.  The  relative  intensity  of  FeF3  •  3FI2O  and  FeF3  •  0.33H2O  in 
the  XRD  patterns  gradually  increases.  The  intensity  of  diffraction 
peaks  increases  with  the  increase  of  reaction  time,  indicating  that 


the  samples  are  further  crystallized  with  the  increase  of  reaction 
time.  It  is  clear  that  the  capacity  retention  is  related  to  the  crys¬ 
tallinity  [23,24].  Good  crystallinity  implies  an  unhindered  Li+ 
diffusion  in  the  lattice  and  the  consequent  low  polarization  and 
high  capacity  retention  [23,24]. 

The  cell  structure  and  crystallographic  views  along  the  [001] 
direction  of  tetragonal  FeF3  -3Fl20  and  orthorhombic  FeF3  0.33Fl2O 
presented  in  Fig.  lb-e  to  describe  the  intercalation  reaction  of  Li+ 
in  FeF3  nFl20  simply.  Four  Irregular  Octahedral  Fe(F402)  in 
FeF3-3H20  (Fig.  lb,  c)  are  unconnected  to  each  other  along  the  di¬ 
rection  of  [001  ]  to  form  a  quadrangular  cavity  which  may  be  able  to 
accommodate  Li+  and  brings  a  cell  volume  of  ~  240  A3.  Flydrogen 
bonds  between  water  molecules  lying  in  the  center  of  quadrangular 
cavity  and  adjacent  ligands  are  relied  on  maintaining  the  structure 
stability.  In  the  structure  of  FeF3  0.33H20  (Fig.  Id,  e),  six  FeF6  form  a 
special  huge  hexagonal  cavity  via  corner-sharing  to  resulting  in 
much  larger  cell  volumes  (-710  A3).  The  trace  amount  of  water 
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Fig.  1.  XRD  patterns  of  FI,  F2  and  F4  (a);  Cell  structures  of  tetragonal  FeF3-3H20  (b),  orthorhombic  FeF3  0.33H2O  (d);  Projections  of  FeF3-3H20  (c),  FeF3  0.33H20  (e)  along  the 
direction  of  [001]. 
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containing  in  FeF3-0.33H20  exist  stably  in  the  huge  hexagonal 
cavity  and  plays  a  part  of  structural  stabilizer  to  stabilize  the  huge 
hexagonal  cavity  and  avoid  structure  collapse  during  Li+  insertion 
and  extraction  processes  [19,25].  Therefore,  these  two  kinds  of  iron 
fluorides  can  prove  the  space  for  accommodation  and  transport  Li+. 

The  morphology  and  particle  size  of  FI,  F2  and  F4  collected  by 
SEM  are  presented  in  Fig.  2.  These  images  show  that  these  three 
kinds  of  samples  have  totally  distinct  morphologies.  FI  consists  of 
some  incomplete  sheet  prismatic  and  cylindric  frameworks.  Sheet 
particles  are  easily  broken  undergoing  high  temperature,  in  order 
to  present  original  features  of  sheet  grains  preferably,  the  sheet 
grains  of  FI  without  heat-treating  at  180  °C  show  in  the  inset  of 


Fig.  2a.  The  shorter  side  of  FI  is  about  1-2  pm,  the  longer  side  is 
about  2-4  pm  and  the  wall  thickness  is  about  0.1 -0.5  pm  (Fig.  2a, 
b).  Fig.  2c,  d  exhibit  the  particles  morphology  of  F2.  There  is  an 
extremely  peculiar  morphology  that  a  cavity  consists  in  the  center 
of  the  prismatic  and  cylindric  particles.  The  lengths  of  side  of  FI  and 
F2  are  similar,  but  the  wall  of  F2  ( ~  0.5  pm)  is  much  thicker  than  FI 
and  the  polyhedron  shape  is  much  complete  comparing  with  FI. 
The  solid  cubes  come  from  the  reaction  for  4  h  (Fig.  2e,  f)  that  the 
shorter  side  is  about  20-50  pm  and  the  longer  side  is  about  50- 
100  pm. 

On  the  basis  of  all  the  above  observations,  a  simple  plausible 
mechanism  was  proposed  addressing  the  template-free  formation 


pentagonal  prisrn^ 

hexagonal  prism^ 

cylinder  ^ 

Fig.  2.  SEM  images  of  FI  (a,  b)  (inset:  the  sheet  particles  without  heat-treating  at  180  °C),  F2  (c,  d)  and  F4  (e,  f).  Schematic  illustration  of  the  synthetic  procedure  of  hollow  prismatic/ 
cylindric  iron  fluoride:  outside-in  ripening  process  (g). 
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of  hollow  iron  fluorides  particles.  Template-free  methods  for 
generating  hollow  inorganic  micro-  and  nanostructures  have  been 
developed  employing  some  novel  mechanisms  [8,26-28], 
including  the  Ostwald  ripening  [29],  nanoscale  Kirkendall  effect 
[30],  corrosion-based  inside-out  evacuation  28].  All  of  them  can  be 
explained  by  two-step  process:  self-templated  and  self-aggregation 
approaches  [31].  For  the  former  it  starts  from  the  formation  of 
particles  having  certain  morphology,  followed  by  evacuation  to 
form  hollow  materials  with  an  inside-out  way.  For  the  other, 
however,  it  is  driven  by  the  oriented  attachment  mechanism  [32], 
the  nearby  unstable  nanocrystals  adjust  themselves  to  close  each 
other  and  form  polyhedra  or  sphere  spontaneously  and  orderly.  In 
this  work,  the  nanocrystals  are  formed  through  the  reaction  be¬ 
tween  Fe3+  cations  and  F-  anions  during  the  first  stage  of  reaction. 
Subsequently,  iron  fluoride  nanocrystals  gather  together,  the 
completed  or  incompleted  prismatic  and  cylindric  framework  take 
shape  at  random.  With  longer  reaction  times,  the  primary  nano¬ 
particles  are  close  to  each  other  and  self-aggregate  along  the  inside 
wall  of  sheet  prismatic  or  cylindric  framework  driving  by  the  ori¬ 
ented  attachment  mechanism  under  the  low-fluidity  conductions. 
The  SEM  images  show  the  morphologies  of  samples  where  hollow 
prism  and  cylinder  coexist.  When  the  central  cavity  is  filled  up,  the 
fine  crystallites  began  to  aggregate  on  the  surface  of  the  prism  and 
cylinder,  and  generate  solid  cubes  with  much  larger  size.  In  order  to 
better  understand  the  morphologies  feature  of  iron  fluoride 
changing  with  time,  the  formation  mechanism  of  the  hollow 
pentagonal  prism,  hexagonal  prism  and  cylinder  are  schematically 
illustrated  in  Fig.  2g. 

The  hollow  prismatic  and  cylindric  morphology  of  F2  can  be 
clearly  indicated  by  the  TEM  images  from  Fig.  3a  and  b.  An  obvious 
hole  can  be  observed  in  the  inner  of  the  particle.  Besides,  it  can  be 
recognized  from  the  picture  that  the  particle  is  composed  of  many 
tiny  particles  about  50  nm.  Fig.  3d  shows  the  electron  diffraction 
pattern  of  F2.  Two  ring  related  to  (220)  and  (002)  planes  of 
FeF3  -0.33Fl20.  The  high-resolution  TEM  shows  well  nanocrystalline 
regions  (Fig.  3c)  with  interplanar  distance  of  about  3.20  A  that  is 
comparable  to  (220)  planes  conformed  to  FeF3-0.33H2O,  which  is 
comparable  to  the  SAED  image.  No  obvious  FeF3-3Fl20  phase  has 
been  detected  from  FIRTEM  and  SAED  images,  which  may  be  due  to 
the  relative  small  amount  of  it. 


Generally  speaking,  porous  micro/nanometer  fluorides  cathodes 
materials  have  good  electrochemical  performances  [10,17].  Fig.  4a 
shows  the  initial  discharge/charge  profiles  of  FI,  F2  and  F4  in  the 
voltage  range  of  2.0-4.5  V  with  a  current  rate  of  0.5  C.  All  samples 
have  only  one  plateau  observed  for  both  the  discharge/charge 
curves,  which  are  related  to  the  lithium  ion  insertion  and  extraction 
process.  The  electrochemical  reaction  mechanism  of  iron  fluorides 
has  been  previously  proposed  by  our  team  [19].  In  the  process  of 
discharge,  Li+  inserts  into  FeF3  •  nF^O  to  form  LiFeF3  •  nF^O,  causing 
a  slight  lattice  change  of  FeF3  •  nF^O,  but  maintaining  the  original 
structure.  Contrarily,  in  the  charge  process,  Li+  extracts  from  LiFe- 
F3  •  nFI20  to  generate  FeF3  •  nH20. 

As  described  in  Fig.  4a  and  b,  FI,  F2  and  F4  deliver  initial 
discharge  specific  capacities  of  103.0,  106.7  and  62.6  mAh  g_1, 
respectively.  After  100  cycles,  the  discharge  capacity  of  FI,  F2  and  F4 
decrease  to  59.5,  63.9  and  46.7  mAh  g-1,  and  their  capacity  re¬ 
tentions  are  57.7%,  60%,  74.6%  in  turn.  FI  and  F2  show  much  higher 
discharge  capacities  compare  with  F4.  The  specific  hollow  prismatic 
morphology  has  made  undeniable  contributions  since  it  can  pro¬ 
vide  access  to  three  different  contact  regions  with  the  electrolyte, 
namely,  the  ends,  outer  and  inner  surface  of  the  hollow  prism  and 
cylinder,  thus  providing  more  sites  that  redox  reaction  occurs  and 
making  intercalation  reactions  easier.  Though  F4  delivers  lowest 
charge-discharge  capacity,  but  it  has  the  better  capacity  retention. 
It  may  be  speculated  that  the  best  crystallinity  of  F4,  as  indicated  by 
the  XRD  pattern  in  Fig.  1  a,  resulting  in  the  best  capacity  retention, 
but  the  much  larger  particle  size  leads  to  a  lower  discharge/charge 
capacity.  Large  particle  size  is  adverse  to  improving  the  lithium  ion 
diffusion  rate,  so  as  to  reduce  the  utilization  rate  of  iron  fluorides 
and  make  low  discharge/charge  capacity.  They  interact  with  each 
other  makes  F4  has  the  best  capacity  retention  but  the  lowest 
discharge/charge  capacity  among  three  samples.  One  more  thing  to 
note,  from  the  XRD  pattern  of  Fig.  la,  is  the  relative  content  of 
FeF3  -3H20  and  FeF3  0.33Fl20  in  F4  is  much  higher  than  FI  and  F2. 
We  hold  that,  just  as  we  stated  in  our  previous  work  [19], 
FeF3-3Fl20  shows  higher  capacity  retention  comparing  with 
FeF3-0.33Fl2O.  The  hydration  water  plays  a  major  role  in  deter¬ 
mining  the  electrochemical  performances  of  FeF3  3FI2O.  On  the  one 
hand,  the  more  the  hydration  water  is,  the  more  the  hydrogen  bond 
can  be  formed.  This  causes  stable  cell  structure  leading  to  higher 


Fig.  3.  TEM  (a,  b),  HRTEM  (c)  and  SAED  (d)  images  of  F2. 
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Fig.  4.  Initial  discharge  and  charge  profiles  (a)  cycling  stability  curves  (b)  of  FI,  F2  and  F4  at  0.5  C  in  the  voltage  of  2.0-4.5  V.  Nyquist  plots  of  FI,  F2  and  F4  after  the  first  cycle  (c) 
(inset:  the  simplified  equivalent  circuit  model).  CV  curves  of  FI,  F2  and  F4  measured  after  the  first  cycle  (the  scan  rate  is  1  mV  s-1)  (d). 


capacity  retention.  On  the  other  hand,  the  excess  of  hydration  water 
decreases  the  quality  specific  capacity  of  FeF3-3H20  remarkably, 
because  the  hydration  water  is  not  involved  in  the  electrochemical 
reaction  between  FeF3  and  Li+.  This  results  a  lower  actual 
discharge/charge  capacity.  Consequently,  F4  shows  higher  capacity 
retention,  but  lower  discharge/charge  capacity. 

The  Nyquist  plots  and  CV  curves  obtained  after  first  cycle  are 
shown  in  Fig.  4c  and  d.  The  Nyquist  plots  consist  of  one  semicircle  in 
the  high  frequency  region  and  a  sloping  line  in  the  low  frequency 
region.  The  semicircle  region  is  related  to  the  Li+  charge  transfer 
resistance  and  the  sloping  line  is  associated  with  the  diffusion  of  Li+ 
into  the  solid  matrix.  The  inset  of  Fig.  4c  shows  the  simplified 
equivalent  circuit  model  of  the  Nyquist  plots.  The  equivalent  circuit 
model  is  made  up  of  electrolyte  resistance  (Rs),  a  constant  phase 
element  (CPE)  related  to  the  interfacial  resistance,  and  the  semi¬ 
circle  is  ascribed  to  the  Li+  charge  transfer  resistance  (Rc t)  at  the 
solid  and  liquid  phases  interface,  while  the  linear  portion  is  desig¬ 
nated  to  Warburg  impedance  (Wi),  which  is  attributed  to  the 
diffusion  of  Li+  into  the  bulk  of  the  electrode  materials.  The  fitted 
impedance  parameters  are  listed  in  Table  1.  Results  indicate  that 
Rct  =  120.12  (1  and  191.51  Q  of  FI  and  F4  were  much  higher  than 
Rct  =  56.33Q  of  F2,  all  of  them  obtained  in  the  range  of  2.0-4.5  V.  The 
CV  curve  (Fig.  4d)  was  measured  at  the  scan  rate  of  1  mV  s-1.  These 


Table  1 

Rs  and  Rct  values  for  FI,  F2  and  F4  after  the  first  cycle. 


Samples 

Rs/Q 

Rain 

FI 

4.1461 

120.12 

F2 

3.9529 

56.33 

F4 

4.4597 

191.51 

three  electrode  materials  show  a  pairs  of  oxidation-reduction  peak, 
symmetrical  redox  peaks  at  2.58  and  3.11  V,  2.61  and  3.07  V,  2.46 
and  3.24  V  for  FI,  F2  and  F4,  respectively.  The  corresponding  po¬ 
tential  interval  (A E)  is  found  to  be  0.53  V,  0.46  V  and  0.78  V  apart. 
Apparently,  the  potential  interval  of  F2  is  smaller  than  FI  and  F4, 
demonstrating  small  polarization  and  good  reversibility  of  F2  that 
checks  well  with  the  Nyquist  plots.  In  addition,  the  peak  current 
density  of  F2  electrode  is  also  larger  than  those  of  FI  and  F4  elec¬ 
trode  as  a  consequence  of  less  lithiation/delithiation  polarization. 

It  is  seen  that,  from  the  SEM  images,  FI  has  a  larger  surface  area 
than  F2  and  should  have  a  more  active  interfacial  reaction  with  the 
electrolyte  solution  resulting  a  higher  discharge/charge  capacity. 
However,  the  discharge/charge  capacity  of  F2  is  slightly  higher  than 
FI,  which  may  be  due  to  part  of  the  capacity  of  FI  was  consumed  to 
form  the  initial  SEI  films  leading  to  a  high  irreversible  capacity,  then 
the  SEI  films  suppressed  the  further  interfacial  reactions,  given  rise 
to  electrochemical  resistance  of  FI  during  the  process  of  EIS  test 
(Fig.  4c)  and  decreased  the  peak  current  density  of  FI  during  the 
process  of  CV  test. 

Although  F2  shows  the  best  electrochemical  activity  among  the 
three  samples,  the  actual  discharge  and  charge  capacity  is  much 
lower  than  theoretical  capacity  and  the  capacity  retention  is  also 
poor.  Wide  band  gap  caused  by  high  ionicity  of  metal  fluorides 
induces  the  insulation  properties  that  make  the  poor  electronic 
conductivity  of  materials,  eventually  making  low  actual  specific 
capacity,  fast  capacity  fading,  and  prospective  poor  rate  perfor¬ 
mance.  Ball-milling  as-prepared  iron  fluoride  with  AB  powers  is 
a  simple  and  effective  method  to  improve  the  electrochemical 
performance  of  iron  fluoride.  It  can  not  only  reduce  material 
size  to  short  the  lithium  ion  diffusion  path  and  accelerate  the  dy¬ 
namics  properties,  but  also  make  material  and  AB  mixing  together 
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Fig.  5.  XRD  patterns  of  F2/C. 


heterogeneously  to  form  a  conductive  network  and  increase  the 
electronic  conductivity  of  materials.  Therefore,  F2/C  has  been  ob¬ 
tained  by  ball-milling  F2  and  AB.  Fig.  5  is  the  XRD  patterns  of  F2/C. 
The  diffraction  patterns  of  F2/C  can  be  indexed  to  FeF3  0.33Fl20 
(JCPD  card  no.  76-1262).  There  is  no  carbon  signal  collected  by  the 
reason  of  the  amorphous  phase  of  AB.  After  ball-milling  and  heat¬ 
ing  at  180  °C  for  6  h,  the  FeF3-3H20  in  F2  can  be  completely 
transformed  to  FeF3  0.33Fl2O  within  a  short  time  because  the 


average  particle  size  of  grains  gets  smaller,  inducing  lose  of  hy¬ 
dration  water  at  a  much  quicker  rate.  It  is  important  to  note  that  the 
loss  of  hydration  water  in  FeF3  0.33Fl2O  needs  much  higher  tem¬ 
perature  19],  so  the  final  product  is  only  FeF3  •  O.33FI2O. 

The  SEM  image  of  F2/C  is  shown  in  Fig.  6a  and  b.  The  particle  size 
is  obviously  reduced  after  ball-milling  with  AB.  Meanwhile,  the  tiny 
particles  which  have  no  visible  crystal  shape  agglomerate  together 
to  form  secondary  particles,  which  are  0.1 -1.0  pm.  The  TEM  images 
of  Fig.  6c,  d  clearly  show  that  F2/C  nanocomposites  are  composed  of 
primary  particles  with  diameters  of  -30  nm.  Fig.  6e  appears  a 
nanocrystalline  regions  enclosed  by  an  amorphous  carbon  matrix, 
indicating  FeF3  0.33Fl2O  and  AB  evenly  mixed  together  after  ball¬ 
milling.  The  SAED  image  of  F2/C  presented  in  Fig.  6f  exhibits  two 
ring  patterns  related  to  (220)  and  (002)  planes  which  checks  with 
orthorhombic  FeF3  0.33H2O  (JCPD  card  no.  76-1262). 

The  discharge  and  charge  profiles  of  F2/C  during  the  first  5  cycles 
at  0.1  C  in  the  voltage  of  2.0-4.5  V  are  shown  separately  in  Fig.  7a. 
The  initial  discharge  capacity  of  F2/C  can  achieve  184.7  mAh  g  1  at 
0.1  C.  In  addition,  cycling  stability  curves  of  F2/C  at  different  rates 
has  also  been  revealed  in  Fig.  7b.  The  initial  discharge  capacity  of 
F2/C  at  0.5  C.  1  C.  2  C  and  5  C  are  160.2  mAh  g~\ 154.4  mAh  g  \ 
146.3  mAh  g-1  and  137.5  mAh  g-1,  respectively.  The  capacity  re- 
tentions  are  as  high  as  85.0%,  83.9%,  78.1%  and  75.7%  after  100  cy¬ 
cles.  The  discharge  capacity  and  capacity  retention,  especially  at  the 
high  rate  of  5  C  (1.185  Ag-1),  is  comparable  to  the  capacity  of  3DOM 
FeF3/PEDOT  composite  tested  at  a  current  density  of  1  Ag-1  17]. 
The  rate  capabilities  of  F2  and  F2/C  also  have  been  tested  from  0.2  C 
to  5  C  (0.2,  0.5, 1,  2  and  5  C)  with  each  rate  for  5  cycles  (Fig.  7c).  F2 
and  F2/C  can  retain  discharge  capacity  of  107.6  and  159.6  mAh  g-1 


Fig.  6.  SEM  (a,  b),  TEM  (c,  d),  HRTEM  (e)  and  SAED  (f)  images  of  F2/C. 
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Fig.  7.  Discharge  and  charge  profiles  of  F2/C  during  the  first  5  cycles  at  0.1  C  in  the  voltage  range  of  2.0-4.5  V  (a).  Cycling  stability  curves  of  F2/C  at  0.5  C,  1  C,  2  C  and  5  C  in  the 
voltage  range  of  2.0-4.5  V  (b).  Three-dimensional  Nyquist  plots  (c)  and  CV  curves  (d)  for  F2/C  at  different  cycles  (the  scan  rate  of  CV  curves  is  1  mV  s-1). 


after  5  cycles  at  the  rate  of  0.2  C.  Even  cycling  for  20  cycles  at 
mounting  rate,  F2/C  still  can  achieve  discharge  capacity  of  around 
115  mAh  g-1  at  5  C  and  around  153  mAh  g-1  when  comes  back  to 
0.2  C.  But  F2  can  only  obtain  about  43  and  92  mAh  g-1  at  the 
identical  condition.  Obviously,  the  actual  capacity,  capacity  reten¬ 
tion  and  rate  capability  of  materials  are  improved  significantly  after 
ball-milling. 

The  three-dimensional  Nyquist  plot  of  F2/C  is  presented  in 
Fig.  7e.  The  fitting  process  of  Nyquist  plot  is  identical  with  Fig.  4c.  It 
is  seen  that  there  is  a  small  Rs  difference,  but  differences  are 
expounded  in  the  Li+  charge  transfer  resistance  (Rct)  with  the  in¬ 
crease  of  cycles.  The  Rct  values  of  F2/C  electrode  measured  at  1st, 
20th,  40th,  60th,  80th  and  100th  cycles  are  22.36  Q,  29.26  Q, 
39.63  Q,  55.49  Q,  75.49  Q  and  93.47  Q,  respectively.  This  is 
consistent  with  the  capacity  decay  shown  in  Fig.  7b.  To  further 
investigate  the  electrochemical  behaviors  of  F2/C,  the  CV  curves 
measured  at  1st,  20th,  40th,  60th,  80th  and  100th  cycles  after  the 
EIS  test  with  a  scan  rate  of  1  mV  s-1  in  the  voltage  of  2.0-4.5  V  are 
shown  in  Fig.  7d.  The  CV  technique  can  be  used  to  evaluate  the  Li+ 
ions  insertion  and  de-insertion  behavior  in  FeF3  0.33H20/C  nano¬ 
composites.  As  shown  in  the  first  CV  curve,  a  potential  peaks  at 
~2.7  V  is  observed  during  the  cathodic  scan,  which  indicates  the 
one-step  intercalation  of  the  first  Li+  in  FeF3  0.33H20/C  host  and 


the  phase  evolves  from  FeF3  0.33H20/C  to  LiFeF3  0.33H2O/C,  the 
corresponding  one  anodic  peaks  at  ~3.1  V  suggests  the  good 
reversibility  of  the  lithium-insertion  process,  which  is  comparable 
with  the  previous  report  of  our  groups  [19].  After  20  cycles,  the  CV 
curves  become  largely  identical  indicating  the  capacity  fading  of 
batteries  occurs  mainly  in  the  first  20  cycles,  particularly  in  the  first 
2  cycles.  The  results  are  well  consistent  with  the  discharge/charge 
curves  in  Fig.  7b,  where  a  mainly  capacity  loss  happens  between  the 
first  and  second  cycle. 

The  galvanostatic  intermittent  titration  technique  (GITT)  has 
been  widely  used  to  determine  the  lithium  ion  diffusion  coefficient 
of  electrode,  and  is  considered  to  be  a  reliable  and  accurate  method 
[33-37].  The  lithium  ion  diffusion  coefficient  can  be  calculated  by 
using  the  following  equation  deduced  by  Weppner  and  Huggins  [33] 


where  Dy  (cm2  s-1)  is  the  chemical  diffusion  coefficient  of  the 
mobile  specie,  Jo  (A)  is  the  applied  current,  Vm  (cm3  mol-1)  is  the 
molar  volume  of  the  active  materials,  5  (cm2)  is  the  total  contact 
area  between  the  electrolyte  and  electrodes,  F  (96485  C/mol)  is  the 
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Fig.  8.  The  discharge/charge  GITT  curves  of  F2/C  electrode  as  a  function  of  time  in  the  potential  range  of  2.0-4.5  V  (a).  Linear  behavior  of  the  transient  voltage  changes  (E)  vs  (t1/2) 
during  a  single  titration  process  for  F2/C  (b).  E  vs  t  profile  of  F2/C  electrode  for  a  single  GITT  during  discharge  process  at  3.55  V  with  schematic  representation  of  different  profile 
parameters  (c).  The  calculated  DLi  from  the  GITT  data  for  F2/C  as  a  function  of  x  (Li  insertion  number)  during  discharge  process  and  charge  process  (d). 


Faraday  constant,  Z;  is  the  number  of  charge  transfer,  and  L  (cm)  is 
the  diffusion  length. 

To  achieve  steady-state  voltage,  an  interval  of  10  min  at  a  small 
current  flux  of  0.1  C  (~23.7  mAh  g-1)  and  a  long  time  interval  of 
60  min  have  been  combined  with  the  GITT  test.  Fig.  8a  displays  the 
first  discharge/charge  GITT  curves  of  F2/C  electrode  as  a  function  of 
time  in  the  potential  range  of  2.0-4.5  V.  The  voltage  change  has  a 
good  linearity  with  the  square  root  of  interruption  time  during  a 
single  titration  process  (Fig.  8b).  It  is  almost  a  liner  with  the  scope  of 
10-100  s,  the  slope  of  the  liner  is  used  to  calculated  lithium  ion 
diffusion  coefficient.  A  single  step  of  GITT  at  3.55  V  during  the 
discharge  process  is  illustrated  in  Fig.  8c  with  schematic  labeling  of 
different  parameters.  The  lithium  ions  diffusion  coefficient  derived 
according  to  the  Equation  (1)  are  showing  in  Fig.  8d.  It  is  easy  to 
know  from  the  profiles  that  in  the  process  of  discharge  (Li+  inser¬ 
tion),  the  Dy  of  F2/C  is  in  the  range  from  2.55  x  1CT11  to 
1.26  x  10-9  cm2  s-1,  and  in  the  process  of  charge  (Li+  extraction), 
the  Du  values  of  F2/C  is  2.17  x  10  11  to  1.00  x  10_1°  cm2  s-1,  which 
is  consistent  with  that  of  FeF3  0.33H20/C  synthesized  by  liquid 
phase  method  [19]  and  is  higher  by  nearly  three  order  of  magnitude 
than  that  of  Du  for  FeF3  0.33H2O  (with  an  upper  limit  of 
- 10-14  cm2  s-1  at  the  voltage  range  of  1.6-4.5  V  obtained  from 
PITT)  calculated  by  Li  et  al.  [25]. 

4.  Conclusions 

In  summary,  iron  fluoride  with  mixed  crystal  structure  has  been 
synthesized  by  a  time-dependent  solvothermal  method.  The  elec¬ 
trochemical  testing  results  show  that  the  product  obtained  by 
solvothermal  reacting  for  2  h  has  the  best  electrochemical  prop¬ 
erties  and  unique  hollow  prismatic/cylindric  structure.  It  delivers 
the  reversible  capacity  of  106.7  mAh  g_1  at  the  rate  of  0.5  C  in  the 
voltage  range  of  2.0-4.5  V,  which  can  be  attributed  to  its  specific 
hollow  morphology  that  offers  more  sites  facilitating  the  insertion 
and  extraction  of  Li+,  and  higher  crystallinity  that  implies  an 


unhindered  Li+  diffusion  in  the  lattice  and  the  consequent  low 
polarization  and  high  capacity  retention.  An  outside-in  ripening 
mechanism  has  been  used  to  explain  the  evolution  of  hollow 
prismatic/cylindric  iron  fluoride.  After  ball-milling  with  15  wt%  AB 
and  heat-treatment,  the  FeF3  0.33H2O/C  nanocomposites  have 
been  formed  and  show  improved  electrochemical  properties. 
FeF3  0.33H2O/C  nanocomposites  can  achieve  initial  discharge  ca¬ 
pacity  of  160.2  mAh  g-1  at  0.5C  and  137.5  mAh  g-1  at  5  C,  and  ca¬ 
pacity  retentions  are  as  high  as  85.0%  and  75.6%  after  100  cycles  at 
0.5  C  and  5  C,  respectively. 
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